Strain sensors for human-motion detection must offer high stretchability, high sensitivity, fast response, and high recovery speed. In this study, we choose silver paste as a sensing material and use a screen printing method to fabricate the strain sensor based upon an electrical-resistance mechanism. After curing elastomeric polyurethane film with a thickness of 150 µm on PET film, the polyester resin mixed with blocked isocyanate curing agent was coated as a masking layer to reduce the film's stickiness. The effect of the polyester masking layer upon the silver paste screen printing process was examined using a rolling-ball-tack test, TGA analysis of polyester resins, and cured silver-electrode films. The cost-effective strain sensor fabricated by using silver paste and screen printing processes on the stretchable-polyurethane-substrate film showed high sensitivity and fast response in a strain range of up to 100%.
human-activity monitoring and personal healthcare [1] [2] [3] [4] [5] [6] [7] . Flexible and stretchable physical sensors are capable of measuring human activities by sensing pressure, strain, and temperature. Pressure and strain sensors have similar structures and are based upon piezoelectricity-, piezoresistivity-, and capacitance-detection mechanisms. The pressure range can be divided into low (<10 kPa), medium (<100 kPa) and high (>100 kPa) [3] subranges, while the strain regime can be classified into two categories of small-scale motions (e.g., subtle movement of the face, chest, and neck during emotional expression, breathing, swallowing, and speaking), and large-scale motion (e.g., bending movement of the hands, arms, and legs). The detection of these motions is of great importance for the application of strain sensors to monitoring and diagnosis of the human body for the purposes of good healthcare. Strain sensors for human-motion detection need to satisfy the requirements for high stretchability, sensitivity, fast response/recovery speeds, and durability/conformability.
Stretchable piezoelectric strain sensors have been fabricated using materials to convert mechanical energy into electrical signals. These strain sensors have high sensitivity, fast response and low power consumption. The sensing materials used include P (VDF-TrFE) [8] CNT composite [9] and ZnO NWs [10] [11] [12]. Sun et al. [13] fabricated an active-matrix strain sensor based upon a graphene transistor. The sensor had a piezopotential nano-generator and a coplanar-gate graphene transistor. Zhou et al. [14] designed a flexible strain sensor based on ZnO nanowire, which exhibited sensitivity with a gage factor up to 1250, high stability, and a fast response time. Few stretchable strain sensors using capacitive mechanisms have been reported, and these have used active materials such as SWCNTs/Ecoflex/SWCNTs [3] , CNTs/PDMS/CNTs [4] , AgNWs/Ecoflex/AgNWs [15] , and SWCNTs/Silicone/SWCNTs [5] .
The stretchable sensors mentioned above were fabricated using expensive piezoelectric and piezoresitive nano-materials combined with sophisticated electronic devices. To achieve stretchability, elastomeric materials such as polydimethyl siloxane (PDMS), polyurethane (PU), and commercial PU (Ecoflex) have been used; however, careful modifications of the stretchable substrates have not been studied in detail. In this study, we choose a cost-effective silver paste as a sensing material and use a screen printing method to fabricate the strain sensor based upon an electrical-resistance mechanism. A polyester resin mixed with blocked isocyanate curing agent was coated onto the commercial PU (Clear Flex 30) film to reduce the high tackiness of elastomeric PU, allowing the screen printing process to be applied to the formation of a strain sensor using a silver-powder/resin-composite layer as an active material. (PET) film with a release layer using a bar coater. The CF PU elastomeric coating on the PET film was allowed to level for 30 min at room temperature, followed by curing in a convection oven at 80˚C for 1 hour and at 120˚C for 2 hours. After curing the elastomeric PU film with a thickness of 150 µm onto the PET film, the polyester resin (SK Chemical, Korea) mixed with the blocked isocyanate curing agent AA6627 (EO Nanochem, Korea) was coated and, then, thermally cured at 100˚C for 1 hour and at 120˚C for 2 hours to yield a thin film of thickness 3 µm. Figure 1 shows the coating machine and the multilayer structure of the stretchable substrate film for fabricating the strain sensor. Table   1 lists the physical data concerning the polyester resins, which were used to coat a masking layer of thickness 3 µm on top of the elastomeric but sticky CF PU resin films. Table 2 shows the formulation of the silver paste for making the resistive strain sensor on the stretchable PU film. Polyester resin (ES-215) with a molecular weight of 35,000 g/mol, glass-transition temperature (Tg) of −11˚C, and softening temperature of 100˚C was used as the binder polymer of the silver paste. The solvent 2-(2-ethoxyethoxy)ethyl acetate (ECA) was mixed with the polyester resin at 50:50 wt% and, then, was stirred at 70˚C for 24 hours to create the binder Figure 2 . The SEM images of the Ag-1, -2, and -3 powders.
Experimental Methods

Fabrication of a Stretchable Film Substrate
Preparation of Silver Paste
polyester resin: ECA solvent: BYK-180 (BYK Co., Germany) dispersant was 10:19:1 wt%, comprising the rest of the silver paste. Figure 3 shows the procedure for making silver paste. The silver-powder was poured into the polyester solution, followed by the addition of BYK-180 dispersant; then, the mixture was rotated at room temperature for 2 hours in the vacuum-defoaming mixer.
The electrode pattern shown in Figure 4 was made using a 250-mesh screen plate. After printing the silver paste onto the polyester masking layer/CF PU-substrate film, the electrode pattern was cured at 130˚C for 30 min in a convection oven. To monitor the resistance, change of electrode pattern upon stretching, two copper-wire leads were connected securely to the electrode pattern using a silver-epoxy paste.
Viscosity Measurement and Tackiness Test
The silver paste was further mixed using a 3-roll mill at room temperature for 1 hour and, then, was stored in the 0˚C chiller. Then, it was rotated on the roll miller for 2 hours at room temperature before being used for screen printing.
The rheological properties of the silver paste were measured with thermos HAAKE Rheowin Pro 2.92 (Germany) at 23˚C.
The masking layer was cured by using the polyester resins shown in Table 1 and blocked isocyanate as a curing agent. The tackiness of the polyester masking layer was checked with a rolling-ball tester shown in Figure 5 .
Results and Discussion
Preparation of the Sliver Paste and Stretchable Polyester PU-Substrate Film
A HAAKE rheometer was used to measure the rheological properties of the silver paste. As Figure 6 (a) shows, the viscosity curves overlapped closely with little hysteresis in the viscosity vs. shear-rate plots. From this result, it was confirmed that the silver-powder mixture was well dispersed in the polyester/ECA binder polymer solution.
From the storage and loss moduli vs. shear stress plots in Figure 6 (b), the inversion of loss modulus over storage modulus was observed at a shear stress about 20 Pa. Since the inversion point is usually observed at a stress under 100
Pa in the silver paste with a poor dispersion of silver particles, the silver paste made by the formulation shown in Table 2 could be assumed to pass smoothly through the openings in the 250-mesh screen plate. has balanced properties in terms of mechanical strength, elasticity, and applicability to screen printing with silver paste. However, the CF PU-substrate films made with Clear Flex 30 PU resins by bar coating followed by thermal curing were too sticky for application of silver paste to screen printing.
From the ball-tack test results in Figure 7 and the crosslinking-reaction mechanism of the polyhydroxy polyester resin and blocked isocyanate in Figure 8 , the optimum composition of the masking layer was set to ES-365: ES-360M = 80:20 wt% polyester resins(renamed as "ES-360S"). This optimum composition may be explained as follows. First, the combination of polyester resins (ES-365
and ES-360M) had an adequate glass-transition temperature of 16˚C -17˚C. In the case of polyester resins with a lower T g (ES-215 and ES-500), the tackiness of the masking layer is still high for the screen printing of the silver paste. Second, the polyester resin mixture (ES-360S) is suitable for matching the high elasticity of stretchable PU films. The polyester ES-360 has a slightly lower molecular weight and softening temperature, but a higher hydroxyl (OH) value compared with ES-365. Thus, the polyester resin mixture (ES-360S) offers the right level of crosslinking density to the polyester-masking layer while not affecting the good elastomeric properties of the CF PU-substrate film.
Screen Printing of Silver Paste and Application to the Strain Sensor
Although the rheological properties of the silver paste were fine, as shown in Figure 6 , it could not be applied directly to the screen printing on the stretchable CF PU films due to high tackiness of the CF PU film. In order to solve the Table 1 , that made with polyester ES-215 (T g = −11˚C) was found to match the elastic property of the CF PU substrate film.
To check why this was the case, TGA analyses of polyester ES-215 itself and a silver-electrode film made with polyester ES-215 resin as a binder polymer were performed as follows. First, the polyester resin ES-215 was dissolved in ECA solvent at 50:50 wt% and screen printed onto the PET film with a high strength of release coating; then, the solvent was completely dried. The dried polyester ES-215 sheet was peeled off of the PET film, was pulverized, and was subjected to TGA analysis. Second, the silver-electrode film made with polyester ES-215 as a binder polymer was screen printed on PET film dried at 130 ˚C for 30 min, peeled off, and then pulverized and subjected to TGA analysis. From the TGA thermograms in Figure 9 (a) and Figure 9 Figure 9 . The TGA thermograms of (a) the polyester ES-215 masking layer and (b) the cured silver-electrode film.
ES-215, ES-500, and Es-360S). The silver-electrode/polyester masking layer/CF PU films were fabricated by repeated coating and thermal curing processes on the PET film with a release layer; the PET film was then peeled off. The silver-electrode patterns made by screen printing of silver paste upon the four different polyester-masking layers were the same as shown in Figure 4 . Figure 10 shows the stress vs. strain curves of the multilayer films up to the 40%-strain range.
Of these multilayer films, only that with a polyester ES-360S masking layer exhibited a hysteresis curve without plastic deformation; the others underwent plastic deformation at about 10% strain. This may be explained by the high hydroxyl (OH) value of polyester ES-360S, as shown in Table 1 Having optimized the formulation of the silver paste, the screen printing process was examined using polyester-masking layer/CF PU double-layer films using various different polyester resins (ES-365, ES-215, ES-500, and ES-360S) in the masking layer. Figure 11 shows the silver-electrode patterns that were screen printed upon different polyester-masking layers. It is apparent that the polyester-masking layer made with polyester resin ES-360S yielded a fine silver-electrode pattern, whereas other polyester resins showed many fringes aligned with the squeezing direction of the screen printer. This was caused by the delayed separation of squeezing from the plate of the screen printer due to the high tackiness of the polyester-masking layer/CF PU-substrate film on which screen printing of the silver paste was conducted. When the PET film itself without a masking layer was used as the substrate, no fringes were observed; however, the width of the silver-electrode pattern was significantly increased compared to that printed on top of polyester ES-360S masking layer/CF PU film. This means that the silver paste becomes slippery when screen printed upon the hard surface of PET film.
Thus, it can be noted that applying the polyester masking layer is an important process for exact screen printing of silver electrodes upon highly stretchable CF PU-substrate films. Figure 12 shows the electrical-resistance (Ω) vs. strain (%) curves of the silver-electrode/polyester-masking layer/CF PU-substrate films up to 100% strain.
First, the silver-electrode-multilayer films were stretched from zero to 50% strain 10 times in order to reduce the residual stress/strain of the silver-electrode-multilayer film, and then the electrical resistances were measured from zero to 100% strain at several points.
The two sets of strain sensors with silver electrodes (thickness 30 µm (Group A) and thickness 60 µm (Group B) screen printed on the polyester masking layer sets of silver-electrode sensors formed by screen printing processes had good linearity up to 100% strain, considering that the strain range of human hands, arms, and legs falls within 60%; 2) the difference in the electrical resistances between the two sets of strain sensors was less than 7 Ω at a maximum strain of 100%, suggesting that the stability of the strain sensors can be guaranteed regardless of unstable processing conditions during fabrication by the coating and screen printing method; 3) the differences in the electrical-resistance values were in the range of 3 to 33 Ω, whereas the strain values varied from zero to 100%, potentially giving a fast response by the strain sensors; 4) both sets of strain sensors exhibited good linearity at movement speeds ranging from 6 to 24 mm/sec.
Thinner sensors (Group A) were noted to show smaller changes of electric- 
Conclusion
In this study, we chose silver paste as sensing material and used a screen printing process to fabricate strain sensors based on the electrical-resistance mechanism.
The introduction of a polyester-masking layer on top of the stretchable but tacky CF PU-substrate film made it possible to screen print the silver paste with the exact dimensions required. The strain sensor that incorporated a masking layer exhibited high sensitivity and fast response up to a 100%-strain range, which can be widely used in cost-effective sensors for monitoring human healthcare.
